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Introduction

As indicated in the previous annual progress report, limited success was found employing
the fuzzy clustering algorithm on the first 43 subjects studied. Clustering temporal pixel
image intensity curves based on a series of four to six time points post gadolinium
injection presented a limited set of functional variants. A more direct physiological
approach toward understanding sodium content in breast lesions, which is one
physiological parameter that regulates temporal gadolinium uptake. Special coils and
pulse sequences were developed to perform sodium breast imaging on a clinical MRI
scanner. The resulting sodium breast images, included in this document were presented at
the recent Era of Hope meeting. The factors that influence sodium content in a benign or
malignant lesion derive from several sources. Palpable lesions likely derive stiffness
(relative to surrounding tissue) through osmotic pressure buildup in the local extra-
cellular matrix. The most studied tissue where sodium concentration is measured in this
regard is articular cartilage. Thus, cartilage has been employed as a convenient model
tissue for quantifying the osmotic mechanisms associated with elevated sodium content.

Background

Studies have indicated an interstitial fluid pressure of 29 mm Hg in invasive ductal
carcinomas, 3.6 mm Hg in benign lesions, and -0.3 mm Hg in normal breast tissue (P. B.
Roemer et. al, MRM 16:192,1990). An increase in biological fluid pressure is often
osmotically related to an increase in tissue sodium content. To non-invasively explore the
notion that high sodium content is present in malignant breast lesions, technology for
improving the sensitivity and resolution of sodium breast MR images must be developed.
We have developed a transmit coil/ phased array system for sodium to be used at 4 Tesla.
By double tuning the transmit coil and building special phased arrays with both proton
and sodium coils, we perform breast imaging at both proton and sodium frequencies
within the same examination.

Magnetic resonance imaging of breast lesions has been unable to identify malignant vs.
benign lesions using only Tl-weighted and T2-weighted imaging sequences. Presently,
gadolinium-based contrast agents are being explored as an approach toward
distinguishing lesion types. The increased accumulation of contrast agent in malignant
tumors is thought to arise from the increased permeability of the blood vessels within the
tumor. This increased permeability combined with the lack of a lymphatic system may
also contribute to an increase in interstitial fluid pressure and an increase in tissue sodium
content.

Coil Design

The transmit coil was made with 0.6 cm wide copper tape in a biplanar design. The
geometry is shown in the figure. This coil makes linear B1. The breast falls into the coil
from the top and the receiver coils are used to lightly compress the breast from the sides.
The capacitance for the transmit coil is distributed to six sites. The coil is driven
capacitively. In order to detune the transmit coil during receive conditions, a diode is
placed in series with the drive of the coil. This diode is biased on during transmit




conditions with a 5V dc signal which is delivered by the spectrometer with the rf pulse.
It is back biased with -15V dc during all other times.

Transmit Coil Geometry
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Two plates each with two receive coils were used to lightly compress the breast during
the examination in the four coil array set up. The dimensions are shown in the receiver
coil geometry figure. The coils are etched on single side copper clad epoxy circuit board.
The capacitance was distributed at 6 locations. A detuning circuit as described by
Roemer, et al, was used for decoupling the receiver coils from the transmitter coil during
the excitation pulse.

Receiver Coil Geometry

18.2cm

Results and Discussion

Figures 1 and 2 show an axial proton and sodium image of a normal breast. Even though
there are no abnormalities in this breast, variation in the sodium signal can be seen. For
instance, the regions of lipid signal do not show much sodium signal while the breast
parenchyma does. In the sagittal image (figure 3), a gap in the sodium signal
representative of the bones in the chest can be seen. In addition, variations in the level of




the sodium signal is evident which is indicative of the variations in the parenchymal
thickness.

In normal breast tissue, sodium signal can be seen in parenchymal tissue with variations
most likely indicative of parenchymal density. Skin also produces a signal as seen on the
axial images. The sodium images need to be acquired at fairly high spatial resolution (1-
2mm) to maintain correspondence with the proton images, which have an in-plane
resolution of 04mm. This correspondence will permit the comparison of sodium content

with contrast agent uptake.




Figure 1. Axial proton image of human breast. The
proton image is a rf-spoiled gradient echo with a FOV of
24 cm (only part of the FOV shown here), TE/TR =
2.5/100 and 7 mm slice thickness.




Figure 2. Axial sodium image of human breast. The
sodium image was acquired fast, rf-spoiled gradient
echo sequence was used with a flip of 90 degrees,
TE/TR = 2.5/150 ms, 15.6 kHz receiver bandwidth,
acquisition matrix of 256x128, sixteen summations and
a FOV of 30 cm and slice thickness of 30 mm.




Figure 3. Sagittal sodium image of human breast. This was acquired with a
bandwidth of 7.81 kHz and 8 summations resulting in an acquisition time of 2 min.
35 sec. A fast, rf-spoiled gradient echo sequence was used with a flip of 90
degrees, TE/TR = 3.3/150 ms, acquisition matrix of 256x128, a FOV of 30 cm and
slice thickness of 30 mm.




KEY RESEARCH ACCOMPLISHMENTS

e Realized sodium MRI of the human breast.
e Modeled the contribution of sodium equilibria to the physical
properties of connective tissue.
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REPORTABLE OUTCOMES

The study of sodium imaging of the human breast was presented at the Era of Hope
Meeting. A study of sodium equilibria in connective tissue was published as a
dissertation.

e Sodium MRI of the human breast Kaufman JH, Bolinger L, Leigh JS,
University of Pennsylvania Medical Center, presented at US Army Era of

Hope Meeting, Atlanta GA, 2000.

e Kaufman JH, PhD. Dissertation, Biochemistry and Molecular Biophysics,
University of Pennsylvania School of Medicine. December 2000.
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SODIUM MRI OF THE HUMAN BREAST
Kaufman JH, Bolinger L, Leigh JS

University of Pennsylvania Medical Center

jonathak@mail. med.upenn.edu

Breast tumors have a higher sodium content than normal tissue. Thus, sodium MRI could
prove to be a valuable non-invasive diagnostic for discriminating malignant lesions. We
have developed a technique for generating sodium images of the breast in a clinical
setting.

A sodium transmitter with mutlicoil receive was built of a similar design to the one used
for proton breast examinations at 4 Tesla. The transmitter is a biplanar design, which is
easily double-tuned to both proton and sodium. Two plates each with two receive coils
were used to lightly compress the breast during the examination.

Figure 1 shows an axial proton and sodium image of a normal breast. Even though there
are no abnormalities in this breast, variation in the sodium signal can be seen. For
instance, the regions of lipid signal do not show much sodium signal while the breast
parenchyma does. In the sagittal image (figure 2), a gap in the sodium signal
representative of the bones in the chest can be seen. In addition, variations in the level of
the sodium signal is evident, which is indicative of the variations in the parenchymal
thickness.

Figure 1(a) Figure 1(b) Figure 2

The U.S. Army Medical Research and Material Command under DAMD17-98-1-8231
supported this work.
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ABSTRACT

MAGNETIC RESONANCE STUDIES OF CARTILAGE OSMOTIC AND MECHANICAL
PROPERTIES

JONATHAN H. KAUFMAN
JOHN S. LEIGH

Articular cartilage, the tissue that coats the ends of bones in synovial joints, is remarkable
in that it is solid while being primarily composed of water. The progressive deterioration
of articular cartilage debilitates over 20% of the human population. Most major pharma-
ceutical companies actively pursue cartilage regenerative therapies; however, it is diffi-
cult to test the effectiveness of novel treatments since cartilage condition cannot be moni-
tored non-invasively. Here, we present several new ways to assess cartilage softening via
magnetic resonance imaging (MRI). Cartilage softening is one of the earliest manifesta-
tions of cartilage degeneration. First, a new quantitative osmotic model of cartilage
theology is developed. Then, the equilibrium of a charged MR contrast agent is used to
confirm the osmotic properties that are hypothesized to give cartilage its strong compres-
sive resistance. A novel method for mechanically compressing cartilage specimens in an
imaging environment is then demonstrated. Conventional MRI parameters of articular
cartilage are presented as a function of compression. One major advantage that this new
technique has over purely mechanical studies is that, during compression, positional
cartilage water content can be dynamically mapped. Additional techniques are presented:
one for dynamically measuring cartilage fluid permeability, and a second for spatially
mapping cartilage rheological properties. The osmotic model is then further confirmed by

interleaved sodium and proton imaging during compression.
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CHAPTER 1

ARTICULAR CARTILAGE STRUCTURE, MECHANICS AND IMAGING

1.1 Overview

This thesis describes several magnetic resonance imaging (MRI) experiments per-
formed on articular cartilage. Each experiment was designed to elucidate articular carti-
lage rheological mechanisms, especially with regard to changes associated with os-
teoarthritis. The intention of this work is to propose and test a new theoretical model for
cartilage deformation. The primary need for a new model stems from the inadequacy of

existing cartilage deformation models, which are either inaccurate or overly complex.

This section begins with a brief description of articular cartilage anatomy and bio-
chemistry in health and disease, specifically with regard to osteoarthritis. Next, a working
hypothesis for articular cartilage deformation is presented along with a strategy to explore
the theoretical implication of the hypothesis as well as steps toward experimentally test-
ing the consequential model. The new model is presented in light of the most commonly
accepted existing model for cartilage deformation. An overview of the thesis progression

is then provided.

1.2 Articular Cartilage
The primary function of articular cartilage is to provide a low friction surface be-

tween bones in synovial joints. Articular cartilage is composed of water, a network of




collagen fibrils, and proteoglycan aggregates. Compared to most tissues, cartilage is rela-

tively acellular (McCutchin et al. 1972).

Approximately, 80% of cartilage (by weight) is water; the remainder constitutes
the solid matrix. The solid matrix is primarily composed of two biopolymers (type-II col-
lagen fibrils, and proteoglycan aggregates) which serve distinct functions. Having a high
tensile strength, the collagen fibrils maintain cartilage integrity. The proteoglycan aggre-
gates impart a substantial negative fixed charge density within the cartilage matrix which
causes a large osmotic pressure. The counteracting forces of the high osmotic pressure
and the collagen fibril tensile strength give cartilage its solid character (Mankin et al.

1994). This concept is discussed in more detail and quantified in chapter 2.

The high water pressure within cartilage presents a resistance to mechanical com-
pression and permits articular cartilage to serve as a mechanical shock absorber when
synovial joints undergo brief periods of impact. During cartilage compression, cartilage

fluid is released which contributes to synovial joint friction reduction.

Articular cartilage is the form of cartilage that resides at the articulating surfaces
of bones in synovial joints. Several other types of cartilage exist. For example one form
of cartilage that also exists in certain synovial joints is the cartilage that form the meiscus
in the human knee joint. Another form of cartilage involved in joint mobility is the carti-
lage that forms the discs in a vertebral column. A more structurally distinct type of carti-
lage that exists outside of synovial joints is structural cartilage. This type of cartilage is a
major component of certain solid structures in the human body such as the trachea, nose

and external ear.




One unique aspect of articular cartilage is its layered anatomy. Articular cartilage
is often described in the histological literature as having three relatively distinct layers.
The layer at the articulating surface is usually designated the superficial zone. In this
zone, the collagen fibers typically run parallel to the articular surface. The layer adjacent
to the subchondral bone is usually designated the radial zone. In this zone, collagen fibers
are typically oriented perpendicular to the cartilage-bone interface. The radial zone is
usually highly calcified. The region of articular cartilage between the superficial zone and
the radial zone is usually referred to as the intermediate zone. In this zone, collagen fibers
do not have a distinct orientation. Scanning electron microscopy studies of articular carti-
lage yield an overall sheet-like structure. In these studies, cartilage structure is in the form
of parallel sheets that are oriented parallel to the articular surface in the superficial zone,

and aggregately bend in a direction perpendicular to the surface. (Mow et. al. 1990).

The notion of a layered cartilage structure, and the notion that cartilage structure
is locally non-isotropic, is important to experiments and discussions described in the pre-
sent work. Specifically, the present work employs the assumption that cartilage has local
lateral (parallel to the articular surface) mechanical homogeneity, but has mechanical

non-homogeneity in a direction perpendicular to the articular surface.

1.2 Osteoarthritis

Osteoarthritis is a condition present in most (if not all) species that contain syno-
vial joints (Lawrence et al. 1989). The disease is characterized by a progressive deteriora-
tion of articular cartilage. There is evidence that the early onset of osteoarthritis is charac-

terized by the selective loss of the proteoglycan component of the solid matrix. There is
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currently no pharmacological treatment for reversing the progression of osteoarthritis
(Ghosh et al. 1991). Existing therapies include: pain management (Davis et al. 1993,
Todd et al. 1990), joint strengthening exercises (Jan et al.1993, Kovar et al. 1992), dietary
supplements, prosthetic joint replacement (Amendolaet al. 1989), and chondrocyte trans-
plantation. One major impediment to‘ pharmaceutical development for therapies that re-
verse the osteoarthritic process is that the progression or regression of osteoarthritis is
currently not measurable non-invasively (March et al.1996). It is therefore difficult to

measure the efficacy of novel therapeutics.

The disease process of osteoarthritis involves the degeneration of articular carti-
lage. The earliest putative changes in cartilage due to osteoarthritis are softening of carti-
lage, a decrease in proteoglycan content, and an increase in permeability (Armstrong et
al. 1982; Lesperance et al. 1992; Mansour et al. 1976). Each of these changes has been
associated with an alteration in the mechanical properties of cartilage (Mow et al. 1984;
Basser et al. 1988; Mow et al. 1980). Therefore, there has been substantial interest in

studying the mechanical properties of normal and degenerated articular cartilage.

The impact and motivation of the efforts described in this thesis stem from the
substantial prevalence of osteoarthritis. Approximately 40 million people (in the U.S.
alone) are affected by osteoarthritis, with a major characteristic being a change in the me-
chanical properties of articular cartilage. Since there is currently no method for diagnos-
ing osteoarthritis in its early stage, as well as no current method for sensitively measuring

the ongoing progression of osteoarthritis in any given individual, a new diagnostic




method is needed. An effective approach may likely include consideration of cartilage

mechanical properties.

1.3 Cartilage Mechanical Properties

Early attempts to study the mechanical properties of articular cartilage involved
indentation experiments. In these experiments, the dynamics of cartilage response to an
indenter was used to evaluate cartilage compressive modulus and cartilage viscosity
(Harris et al 1972). The quantitative results of such experiments were difficult to interpret
since cartilage is non-isotropic and indentation experiments are inherently multidimen-
sional. The results of these experiments varied when different shaped indenters were
used. Also, the shape of an indentation at any given time was difficult to characterize.
One would intuitively expect that observing the response of cartilage to indentation
would yield information on its mechanical properties. However, in practice, indentation
experiments have been unable to yield substantial quantitative information on cartilage
mechanics. The primary reason for this lack of effectiveness is the complexity involved
with developing a theory to adequately describe cartilage response to indentation, espe-
cially given the fact that cartilage response to indentation depends on the shape of the in-

dentor.

This challenge was met by the design of the uniaxial confined compression ex-
periment (Mow et al. 1980). Even though indentation experiments have maintained utility
for testing certain cartilage deformation hypotheses (Mow et al. 1989; Jurvelin et al.
1990; Oloyede et al. 1991; Hale et al. 1993; Athanasiou et al. 1994; Obeid et al. 1994;

and Haut et al. 1995), the advent of the uniaxial compression experiment yielded experi-

5




mental results that could be directly related to a theoretical description of cartilage uniax-
ial compression. It should be noted that the uniaxial compression experiment, of course,
did not solve all challenges. For example, it has also been shown that the dynamics of
cartilage compression are dependant upon load cycling (Suh et al. 1995; Su et al. 1996).
Moreover, the theoretical cartilage mechanical model for the uniaxial compression ex-

periment (as well as other experiments) was still fairly complex.

In addition to compression studies, several other types of mechanical studies have
been used to evaluate cartilage mechanical properties. Three common methods are steady
state permeation, stress relaxation, and torsional shear (Zahler 1999). In the steady state
permeation experiment, the ability of fluid to flow through cartilage is measured for a
cartilage specimen in a fixed position (Mansour et al. 1976; Torzilli et al. 1983; Mak
1986; and Gu et al. 1993). The stress relaxation experiment involves a fast cartilage com-
pression (in the form of a step function). The stress that the cartilage specimen imparts on
the compressive apparatus is then measured as a function of time (Mow et al. 1980). The
shear experiment involves fixing a mechanical platen or indenter to the cartilage surface
and measuring the statics and dynamics of cartilage by imparting a torque or lateral force

(Parsons and Black 1977; Spirt et al. 1989; and Zhu et al. 1993).

The present work focuses on developing and testing a useful mechanical model of
cartilage compression. The most commonly accepted existing model, developed in by
V.C. Mow 1980, as applied to the uniaxial compression experiment contains a set of cou-
pled partial differential equations which presents a challenge for many cartilage investi-

gators when interpreting experimental results in light of contemporary theory. Mow’s




theoretical model may be appropriate for describing cartilage rheological mechanisms
from a continuum mechanics approach. However, from a practical standpoint, the intui-
tion of the model can become lost in its complexity. The model proposed in this thesis is
comparatively simple. In brief, cartilage is treated essentially as a dialysis bag (i.e. the
mechanical properties of cartilage are derived primarily from osmotic conditions created
by the cartilage biochemical composition. The fundamentals of the model, as presented in
chapter 2, are relatively easy to interpret. An additional advantage of this new model is
that it easily accommodates anisotropy and inhomogeneity as addressed further in appen-

dix B.

An interesting aspect to the model is that water and sodium ion concentrations are
fundamental to cartilage mechanical properties. This fact makes magnetic resonance im-
aging (MRI) of cartilage deformation valuable for several reasons. MRI, in general, is an
active research field since MRI is currently the most promising non-invasive modality to
stage osteoarthritis progression. Presented here is MRI conducted in a multinuclear fash-
ion to noninvasively map cartilage water and sodium ion content. In this way, MRI pro-

vides an excellent means for testing the proposed theoretical model.

1.4 Imaging Cartilage Compression

As mentioned above, magnetic resonance imaging (MRI) shows promise as a
non-invasive modality for imaging cartilage changes, since, in general, MRI is able to
show soft tissue contrast. However, current attempts at using MRI to measure mild

changes in articular cartilage have encountered inconclusive results (Hutton et al. 1995).




It is possible that an understanding of the MR characteristics of articular cartilage during

compression will lead to a sensitive non-invasive indicator of disease progression.

The earliest of the cartilage compression studies within an MRI environment was
conducted by Lehner et al. (1989). This experiment employed the cylinder and plunger of
a common syringe to compress a glass marble against the surface of an articular cartilage
specimen. In distinction to this mechanical approach, Lusse et al. (1995) combined MRI
with an osmotic compression technique. In this approach, cartilage specimens were en-
closed in a dialysis membrane then placed in a polyethylene glycol solution of high os-
molarity. This process, in effect, dehydrated the cartilage specimens. Once dehydrated,
the cartilage specimens were removed from the polyethylene glycol bath then placed in

an MR spectrometer for subsequent measurement of MR parameters.

More recently, Rubenstein et al. (1996) performed mechanical compression of ar-
ticular cartilage specimens within an MRI environment using a compression device de-
sign based on an earlier description at the 1995 annual meeting of the International Soci-
ety of Magnetic Resonance in Medicine (Kaufman et al. 1995). Further experiments ex-
panded upon this model (Duvvuri et al. 1998, Kaufman et al. 1999, Reddy et al. 1999),

several of which constitute the basis of portions of the work presented here.

1.5 Thesis Summary

The central theme of this thesis involves novel methods for using MRI to explore
the mechanical properties of articular cartilage in light of the osteoarthritic disease proc-
ess. In the following chapter, MRI is used as a tool for exploring the osmotic ion balance

of articular cartilage, which imparts the majority of cartilage resistance to mechanical
8




compression. The design and implementation of a novel MRI compatible cartilage com-
pression device is then described. This device is then used for acquiring MR spectro-
scopic information on cartilage specimens during mechanical compression. An evaluation
of the statistical significance of compression induced spectroscopic change is performed
with respect to an in-vitro osteoarthritic model. Spatial mapping of the spectroscopic pa-
rameters is then performed during compression to investigate the spatial redistribution of
MR relaxation characteristics of articular cartilage during compression. A novel method
for quantifying the dynamics of cartilage compression within an imaging environment is
then described and demonstrated. The results of this method are then used to infer the
compression-induced dynamics of cartilage fluid permeability. The mechanical predic-
tions of the osmotic cartilage model are formulated and confirmed by experiments. An
example of multidimensional cartilage deformation is then demonstrated and described.

Lastly, a technique for articular cartilage strain mapping during compression is described.

1.6 Thesis Hypothesis and Strategy

The basic working hypothesis for the present work is that ionic equilibria can ac-
curately predict cartilage compressive strength. This present work also demonstrates a
new technology: the ability to spatially map cartilage mechanical properties. The overall
strategy has three components. First, a useful deformation theory of articular cartilage is
developed. Next, a device is developed to compress cartilage in an MRI environment and
confirm the deformation theory with experimental data. MRI is then used, in a novel way,

to characterize the spatial distribution of articular cartilage mechanical properties.




Figure 1.1. V.C. Mow model for cartilage deformation in the uniaxial compression ex-
periment. (From Mow et. al. 1980.)
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CHAPTER 2

A MAGNETIC RESONANCE IMAGING BASED DEMONSTRATION
OF ARTICULAR CARTILAGE IONIC EQUILIBRIA

2.1 Introduction

As mentioned in the previous chapter, ionic equilibria is an important component
of articular cartilage functionality. Cartilage is a stiff tissue with strong resistance to com-
pression while being primarily composed of water. Approximately 80% of cartilage by
weight is water. The stiffness of cartilage results from the water being contained at high
pressure. The high water pressure is an indirect response to the large negative fixed
charge density associated with the proteoglycan component of the cartilage matrix. It has
recently become popular to exploit the ionic equilibria of cartilage to non-invasively
probe cartilage proteoglycan loss via charged MRI contrast agents (Bacic et al. 1997;

Bashir et al. 1997; Bashir et al. 1996).

2.2 Theory of cartilage ionic equilibria

Consider a cartilage specimen equilibrated in an infinitely large NaCl bath. To
simplify the algebra, all concentrations are normalized to the bathing NaCl concentration.
The cartilage specimen proteoglycan content imparts an internal negative fixed charge
density in the cartilage fluid volume, f;, and consequently the cartilage fluid volume must
have a sodium ion concentration of at least f; to maintain electrostatic neutrality. An addi-
tional amount of sodium content will equilibrate into the cartilage fluid volume, since

NaCl must enter the cartilage to satisfy the chloride ion chemical potential. Thus,

10




n*=f, +x, [2.1]

where n* is the sodium ion concentration within the cartilage specimen fluid compart-
ment, f; is the fixed charge density within the cartilage specimen fluid compartment, and
x is the amount of additional NaCl that enters the cartilage fluid compartment. A general
thermodynamic condition for ionic equilibria between cartilage and the bath is that the

electrochemical potential of every component be equal (Helfferich 1962), i.e.
—_—=— [2.2]
n

where n* is the cartilage fluid sodium ion concentration, n is the bath sodium ion concen-
tration, c* is the cartilage fluid chloride ion concentration, and c is the bathing chloride
ion concentration. Given the normalization convention,

n=c=1, [2.3]
combining equations 2.1 and 2.3 yields

n*c*=1. [2.4]

As indicated in equation 2.1, x is the amount of NaCl that enters the cartilage

from the bath given an initial condition of zero cartilage chloride ion content. Thus,

c*=1x, [2.5]
Combining equations 2.1, 2.4, and 2.5 yields the quadratic relationship

(f, +x)x=1, [2.6]

x=—dis Jl+[ﬁ) . [2.7]
2 2

which has the solution




Combining equations 2.3, 2.5, and 2.7 yields the chloride ion equilibrium distribution, @,

between the bath and the cartilage fluid content

* ] _2
o= oty i S [2.8]
c 2 4

which expressed as a function of the excluded volume fraction, e, and the fixed charge

density within the total cartilage volume, f, is

¢=—ﬁ+ 1+(2(1{e))2 : [2.9]

2.3 The GA(DTPA) method - working hypothesis

Gadolinium Diethylenetriaminepentaacetate, Gd(DTPA), has captured recent in-
terest in cartilage research, since magnetic resonance imaging (MRI) techniques can po-
tentially map its concentration to high spatial resolution. Gd(DTPA) equilibration pro-
vides one avenue of investigation toward using the principles of ionic equilibria to non-
invasively derive the proteoglycan content of intact articular cartilage, a parameter that
may be indicative of osteoarthritic progression (Hardingham et al. 1990). This approach
has recently been established in an in-vitro setting (Bashir et al. 1996), and extended to
in-vivo investigations (Bashir et al. 1997; Trattnig et al. 1999). To use this method one
first employs standard techniques to quantify the change in the proton spin-lattice relaxa-
tion time constant, T;, associated with Gd(DTPA) equilibration. By using known spin-
lattice relaxivities of Gd(DTPA), the GA(DTPA) equilibrium between the cartilage inte-
rior and exterior is then quantified. Classical Donnan theory of compartmental equilibria
(Donnan 1924) is then employed to calculate the negative fixed charge density that would
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result in the measured Gd(DTPA) equilibrium. The cartilage fixed charge density is then
translated into cartilage proteoglycan content by using the commonly accepted anionic
content values associated with common cartilage proteoglycan aggregates (Maroudas et

al. 1969).

NMR techniques have quantitatively validated the Donnan model with respect to
the distribution of Na* ions in cartilage (Lesperance et al. 1992). However, several factors
can cause osmotic systems to deviate from the ideal Donnan model (Helfferich 1962),
and previous experiments suggest that Gd(DTPA) in cartilage may not obey ideal Don-
nan equilibria when the cartilage fixed charge density is greater than 30 mM (Donahue et
al. 1994). The objective of this investigation was to quantify the equilibria of Gd(DTPA)
between articular cartilage and a bathing NaCl solution, and thus improve our under-
standing of the role that ionic equilibria has on cartilage functionality as well as augment

the interpretation of GA(DTPA) related investigations of cartilage proteoglycan content.

2.4 Methods

2.4.1 Overall Protocol

Cartilage specimens were obtained from bovine patellae. All specimens were
equilibrated in 137 mM phosphate buffered saline (PBS). After equilibration, one dimen-
sional spin-lattice relaxation time constant (T;) maps were collected along an arbitrary
diameter of each cartilage disk. Each cartilage specimen was then bisected along a diame-
ter. Half of each specimen was equilibrated in 137 mM PBS with 1mM Gd(DTPA), while
the other half of each specimen was equilibrated in varying concentrations of PBS with 1

mM Gd(DTPA). The specimen halves were then reunited for a second series of one di-
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mensional T; maps, along the diameter perpendicular to specimen bisection. Two-
dimensional T; maps were also acquired to evaluate the spatial homogeneity of the

Gd(DTPA) associated T; reduction.

The quantification of glycosaminoglycans in the cartilage was conducted spectro-

photometrically via a 1,9-dimethylmethylene blue (DMMB) assay (Farndale et al. 1982).

2.4.2 Cartilage Specimen Preparation

Patellae were obtained from veal calves within 6 hours of sacrifice, then stored on
ice. Cylindrical cartilage specimens, 8.0 mm in diameter were cut in the same flat region
of each patella. Each specimen was subsequently removed from the underlying cartilage-
bone interface. Upon removal, each specimen was placed in 137 mM phosphate buffered
saline (PBS) (Sigma P-4417) at 0°C with pH = 7.4. The mass of each cartilage specimen
was measured periodically after placement into PBS until an asymptotic mass value was

reached. This process took approximately two hours.

2.4.3 Cartilage Specimen Equilibration

All cartilage equilibrations were conducted at 0°C. Buffer solutions were made by
making four serial dilutions to an 8X stock of PBS (Sigma P-4417). The resulting solu-
tions were 8.0X, 4.0X, 2.0X, 1.0X, and 0.5X PBS. The contents of the PBS solution at
1X were: 0.01 M phosphate buffer, 0.0027 M potassium chloride 0.137 M sodium chlo-
ride, with a pH of 7.4. GA(DTPA) (Berlex NDC 50419-188-02 ) was added, to each of
the five resulting buffer solutions, to 1.0 mM. After collecting imaging data on the carti-
lage specimens without GA(DTPA), the specimens were placed in the respective 50 mL

solutions that contained 1.0 mM Gd(DTPA). The cartilage specimens were equilibrated
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in these solutions for a period of 420 min. The mass of each cartilage specimen was

measured before and after the 1.0 mM Gd(DTPA) equilibrations.

2.4.4 T, Projections

The one-dimensional T; (proton spin-lattice relaxation time) projection maps
were acquired in a 2.0 Tesla field. A local gradient set was used, which was capable of
producing 8 Gauss/cm. A solenoidal 8 turn 1 cm rf-coil was used. The direction of the

projection images was perpendicular to that of the 2.0 Tesla field.

A series of projection images was collected to generate the Ty projection maps.
Each projection image was generated via a 90°-180° spin echo sequence, with no phase
encoding and with frequency encoding in the direction of the projection. To map Ti,
steady state repetitive projection images were obtained for various repetition times. For
conditions prior to Gd(DTPA) incubation, the repetition times were 0.100 sec, 0.250 sec,
0.500 sec, 1.000 sec, 1.500 sec, 2.000 sec, 4.000 sec, and 6.000 sec. For conditions after
the Gd(DTPA) incubation, the repetition times were 0.070 sec, 0.100 sec, 0.250 sec,
0.500 sec, 1.000 sec, 1.500 sec, 2.000 sec, and 3.000 sec. All one dimensional spin-echo

projection images employed an echo time of 20 msec.

For each pixel, the image intensity from the one-dimensional images, at steady-

state for a given repetition time, was fit via a least squares technique to equation 2.10.
[=All—e™ +C [2.10]

where I is the steady-state image intensity, k is 1/T;, Ty is the repetition time, A is the

equilibrium z-magnetization corrected for T, relaxation, and C is an arbitrary constant.
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Prior to GA(DTPA) incubation, the cartilage specimens were in the form of whole
discs. After incubation in Gd(DTPA), the cartilage specimens were in the form of half
discs. (See the ‘2.4.1 Overall Protocol’ section.) The one-dimensional projection maps
prior to Gd(DTPA) incubation were taken along an arbitrary diameter. After Gd(DTPA)
incubation, all one-dimensional projections were taken with the two halves of each
specimen placed adjacent to each other along their diameter of bisection, and oriented in
the gradient set such that each one-dimensional projection image was collected along a
direction perpendicular to the diameter of bisection. All cartilage specimens were ori-
ented such that the articular surface was parallel to the direction of the 2.0 Tesla magnetic

field.

2.4.5 Two-Dimensional T Maps

Two-dimensional slice selective T maps were collected to detect the possibility
of an uneven Gd(DTPA) distribution. Each slice was collected along the same diameter
as that of the one-dimensional projection images. Slice thickness was 2.0 mm. The two
dimensional maps were generated from a series of two dimensional 90°-180° spin-echo
images. Each two-dimensional image employed a 20 msec echo time. Frequency encod-
ing was in the direction perpendicular to the cartilage articular surface. Phase encoding
was in the direction parallel to the cartilage articular surface. Different repetition times
were employed to create the individual images with which the T; map was generated.
The repetition times used were 100 msec, 250 msec, 400 msec, 750 msec, 1500 msec,
and 3000 msec. Each pixel of the two-dimensional images was fit to equation 2.10 via a

least squares technique.
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2.5 Results

2.5.1 T; Projections of Cartilage Specimens

The T; measurements of the cartilage specimens are shown in table 2.1. For each carti-
lage specimen, the T; maps were homogeneous with random spatial fluctuations to the
extent indicated by the standard deviations of the T; values. The T; spatial fluctuations
were confirmed to be random by demonstrating that a given T; spatial pattern was not
reproducible when repeating the T; mapping procedure on a cartilage specimen several
times. The histograms of T; values within each cartilage specimen were approximately
gaussian, as shown by a representative T; histogram in figure 2.1. Each T projection
contained approximately 230 pixels. The homogeneity of the T; maps, in a direction par-
allel to the articular surface, is demonstrated by the lack of non-random T; variations in a

typical one-dimensional projection map shown in figure 2.2.

2.5.2 Gd(DTPA) Induced T; Depression

The T; measurements indicated that the GA(DTPA) associated T; reduction in the carti-
lage specimens was more pronounced when the specimens were equilibrated in higher
PBS concéntraﬁons. The means and standard deviations of the T; values, calculated from
the T projection maps, for each specimen half are shown in table 2.2. Gd(DTPA) con-

centrations in the cartilage specimen halves were calculated via equation 2.11
1/
g=2li-n) [2.11]

where g is the total cartilage Gd(DTPA) concentration in mM, R is the relaxivity of
Gd(DTPA) in (mM-sec)‘l, r;* is the cartilage proton spin-lattice relaxation rate after
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Gd(DTPA) equilibration, and r; is the cartilage proton spin-lattice relaxation rate prior to
Gd(DTPA) equilibration. We employed a previously reported estimate for Gd(DTPA)
relaxivity, 4.0 (mM-sec)'l(Donahue et al. 1994). The results of these calculations are

shown in figure 2.3.

Figure 2.4 illustrates the asymptotic limit of Gd(DTPA) equilibria as a function of
the ratio of the bathing NaCl concentration and the cartilage fixed charge density. The
experimental data has a reasonable fit (r = 0.99516) to a Donnan model that incorporates
a cartilage volume excluded to Gd(DTPA) penetration. This model is described by equa-

tions 2.12 and 2.13,

if:(l—e)rbz [2.12]
g

_f f FY
@-—m+ 1+(m) [2.13]

where @ is the cartilage chloride ion equilibrium distribution, g* is the Gd(DTPA) con-
centration inside the total cartilage volume, g is the Gd(DTPA) concentration outside the
cartilage, f is the total cartilage negative fixed charge density as a fraction of the bathing
NaCl concentration, e is the fraction of cartilage volume excluded from Gd(DTPA) pene-
tration, and Z is the apparent charge of Gd(DTPA). Equation 2.12 is an analog of equa-
tion 2.2, and equation 2.13 is derived in section 2.2. Least squares fit of the model to the
experimental results are shown in the figure for Z = -2 and Z = -1. An apparent

Gd(DTPA) charge of -1 provides a much better fit than the does an apparent charge of -2.
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When the apparent GA(DTPA) charge was used as a fit parameter, the best fit yielded an

excluded volume of 20% and Gd(DTPA) effective charge of —0.92.

2.5.3 Two-dimensional T; Mapping

The one dimensional maps of figure 2.3 show a uniform T; distribution within
each specimen half, which indicates a likelihood that there was enough time for
Gd(DTPA) to fully equilibrate. However, a uniform two dimensional T; map lends fur-
ther support to this notion, and reduces the possibility that the Gd(DTPA) diffusion was
incomplete in a direction perpendicular to the cartilage specimen’s surface. Figure 2.6
shows a slice selective two dimensional T; map generated from multiple two dimensional
spin echo images of a cartilage specimen after bisection and Gd(DTPA) equilibration.
Each half of the cartilage specimen has a uniform T; distribution with a similar level of

T; noise as was seen in the one dimensional T; projection images of figure 2.3.

2.6 Discussion

Several MRI techniques to non-invasively measure proteoglycan content have
been explored, such as the use of sodium NMR spectroscopy (Lesperance et al. 1992), in-
vivo sodium imaging of articular cartilage (Reddy et al. 1998; Shapiro et al. 2000), and
the use of contrast agents (Bacic et al. 1997), including Gd(DTPA) (Bashir et al. 1996;
Bashir et al. 1997). The present study has used MRI to quantify the equilibrium of
Gd(DTPA) between articular cartilage and a bathing saline solution, and tested the hy-
pothesis that the Gd(DTPA) distribution is governed by ideal Donnan equilibria. A quan-
titative understanding of Gd(DTPA) equilibria in cartilage is essential to a meaningful

interpretation of associated derivations of cartilage proteoglycan content.
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The expectation that the fixed charge density associated with cartilage proteogly-
can content reduces Gd(DTPA) transport into the cartilage interior was experimentally
realized. The results were consistent with a Donnan model that included a provision for a
cartilage volume inaccessible to Gd(DTPA) entry. The modified Donnan model derived
here is different than the commonly accepted model (Bashir et al. 1996) in two respects.
First the present model has an explicit incorporation of a cartilage volume inaccessible to
Gd(DTPA) equilibration. Second, the present model does not dictate that the effective

charge of the Gd(DTPA) complex is -2.

The prediction that the Gd(DTPA) charge is considerably less negative than -2
under physiological conditions is not inconsistent with previous equilibrium investiga-
tions of metal chelating agents. DTPA alone has five potentially ionizable groups with a
wide range of pK values: 1.79, 2.56, 4.42, 8.76, and 10.42 (Werner and Grunder 1999),
and it is common for DTPA metal chelates to be protonated at neutral pH (Durham et al.
1958). It is not clear what the protonation equilibrium properties of Gd(DTPA) are in the
cartilage interior, and thus further experimentation would be required to confirm the ef-
fective Gd(DTPA) charge in cartilage. The effective charge estimated in figure 5 should

be considered a purely empirical result.

The fit to the Donnan model indicates that the cartilage volume fraction available
to Gd(DTPA) is approximately 80%. The major cartilage biopolymers, collagen and
agrecan, constitute a substantial cartilage volume fraction: approximately 20% as meas-

ured in our laboratory. Thus the accessible cartilage volume fraction unavailable to
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Gd(DTPA) penetration is likely to be coincident to the volume occupied by the major

cartilage biopolymers.

The results of this investigation indicate that efforts to quantify cartilage proteoglycan
content from Gd(DTPA) equilibria should take into account the apparent charge of the
Gd(DTPA) complex and the volume effects of the cartilage solid content. Cartilage solid
content is an especially important parameter in this consideration since cartilage solid

content may vary during pathological conditions.
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Table 2.1. T; measurements (at 2 Tesla) of the five cartilage specimens equilibrated in
137 mM PBS without Gd(DTPA). Standard deviations were obtained by considering
each pixel of the T; projection maps to be one element of a population of T; <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>